In this paper, we systematically calculate two-body strong decays of newly observed D J (3000) and D sJ (3040) with 2P(1 + ) and 2P(1 +′ ) assignments in an instantaneous approximation of the Bethe-Salpeter equation method. Our results show that both resonances can be explained as the 2P(1 + ′ ) with broad width via 3 P 1 and 1 P 1 mixing in D and D s families. For D J (3000), the total width is 229.6 MeV in our calculation, close to the upper limit of experimental data, and the dominant decay channels are D * 2 π, D * π, and D * (2600)π. For D sJ (3040), the total width is 157.4
I. INTRODUCTION
Recently, great progress has been made in D and D s families [1] . Numerous highly excited states have been found in experiments. These states stimulate great interest and provide a good platform to study nonperturbative QCD. In the spectrum of the 2P wave, we notice that no 2P states have been confirmed in experiments yet in charmed and charm-strange families. The study of these newly discovered resonances can enlarge our knowledge of spectroscopy and also the properties of 2P states.
In the charm-strange family, D * s1 (2700) was discovered by Belle in 2008 with a 1 − quantum number [2] ; D They are good candidates for the 2P(1 + ) states and are measured as [4, 7] m D sJ (3040) + = 3044 ± 8 (1)
They have unnatural parity and thus are 0 − , 1 + , 2 − , 3 + , · · · states. Their masses are around 3000 MeV, lower than the 3 1 S 0 and higher than the 1 1 D 2 and 1 3 D 2 states in theoretical predictions, located in the mass region of 2P(1 + ) states [11] . Therefore, the assignments of the 2P(1 + ) states are reasonable. In addition, by studying the semileptonic decay of B and B s mesons, these two candidates can also be interpreted as 2P(1 + ) states [12] [13] [14] .
We notice that very little decay channels are given in experiments, and there should be many more decay channels. To identify their quantum numbers and determine their decay properties, we calculate the OZI-allowed two-body decay channels of the two new resonances with an instantaneous Bethe-Salpeter approach, which have been applied successfully in other strong decay channels and proved to be a good method [15] [16] [17] . There should exist 2P(1 + ) and 2P(1 + ′ ) states theoretically, while only one candidate has yet been observed in D and D s families, respectively. The calculation can help us to search for the other state and to have a better understanding of the mixing angle between the 1 P 1 and 3 P 1 states as well.
We present a phenomenological analysis of the two candidates. We use a reduction formula, PCAC, and low energy theorem to deal with the case of a pseudoscalar final light meson. Since it is not valid for vector light meson such as K * or ρ, we adopt the effective Lagrangian method to calculate the channels of the vector light meson.
Apart from an instantaneous Bethe-Salpeter approach, several other methods can describe the form factor and hadronic transition, such as a nonrelativistic quark model [18] ; heavy effective theory [19] ; effective Lagrangian approach based on heavy quark chiral symmetry [20] ; Eichten, Hill, and Quigg (EHQ) decay formula [21] ; quark pair creation (QPC) models [22] ; lattice QCD [23] ; QCD sum rules [24] ; Dyson-Schwinger-equation approach [25] ;
and AdS-QCD method [26] .
The paper is arranged as follows. In Sec. II, we present the theoretical formalism of strong decays. If the final light meson is a pseudoscalar meson, the quark-meson coupling is introduced by two methods, if the final light meson is a vector state, an effective Lagrangian method is adopted. In Sec. III, we give Bethe-Salpeter wave functions and their mixing.
In section IV, we present our results of OZI-allowed two-body strong decays of these two heavy-light mesons and compare our results with those from other models. Finally, we give a summary in Sec. V.
II. THE FORMALISM OF STRONG DECAY
In this section, we show the process of calculating strong decays under the framework of an instantaneous Bethe-Salpeter equation. In order to illustrate how to apply our approach to strong decays, we take D sJ (3040) + → D * (2007) 0 K + as an example. In the 3 P 0 decay model, a quark-antiquark pair is created from the vacuum, the Feynman diagram of this process is given in Fig. 1 .
The wave function of the final heavy meson can be obtained by solving corresponding instantaneous Bethe-Salpeter equation. By using the reduction formula, the transition matrix element of strong decay can be written as [10] 
where P is the momentum of the initial meson, and P 1 , P 2 are the momenta of the final heavy and light meson, respectively. Φ K (x) is the light scalar meson field. By using the PCAC approximation method, the light scalar meson field can be expressed as [10] 
where f K is the decay constant of the K meson. Inserting the above equation into Eq. (2), we get
Finally, by using the low energy theorem, the transition amplitude in the momentum space can be expressed as [10] M
Apart from the approach with the reduction formula, PCAC approximation, and low energy theorem, we can also directly use the effective Lagrangian method to obtain the transition amplitude. The effective Lagrangian of this process is [27] 
where
is the chiral field of the pseudoscalar meson. g denotes the quark-meson coupling constant.
Within Mandelstam formalism, the transition amplitude can be expressed as the overlapping integral over the Salpeter wave functions of the initial and final mesons [9] 
In the above formula, the only left unknown is the form of the Bethe-Salpeter wave functions of initial and final mesons, which will be given in detail in the next section.
If the final light meson of the strong decay is η or η ′ , the mixing of the octet and singlet should be considered, and the mixing equation is
where φ 8 and φ 0 are the flavor SU(3) octet and singlet states, respectively. As in Ref. [28] , we adopt the mixing angle θ η ≃ 19
• . This value is achieved in Ref. [29] by using the light If the final light meson is not a pseudoscalar but a vector meson, the PCAC cannot be applied. In this case, we use the effective Lagrangian method to get the transition amplitude.
The Lagrangian of quark-meson coupling is [27] 
where a = −3.0 and b = 2.0, representing the vector and tensor coupling strength, respec-
V µ is the light meson field; and m j is the constitute quark mass of the final light meson. Therefore, the transition amplitude can be simplified as
Once we know the transition amplitude, the decay widths can be obtained by the following two-body decay formula
where P 1 is the momentum of the final meson, 
Here M and P are the mass and momentum of the initial meson; q is the relative momentum between the quark and anti-quark in the initial meson; q ⊥ denotes q − The Bethe-Salpeter wave function of 3 P 1 is [14] ϕ
To get the 1 + state, we use the mixing equation [14] 3 2 = cos θ 1 P 1 + sin θ 3 P 1 ,
In the heavy quark limit (m Q → ∞), the spin of the heavy quark s Q can be separated from the total angular momentum, so the heavy-light meson can be described by the good quantum number j P l , where P is parity, and j l = s q + L, with s q and L denoting the spin of the light quark and the orbital angular momentum of the heavy-light meson, respectively. Thus, the 2P(1 + ′ ) and 2P(1 + ) states in the S doublet and T doublet can be denoted by , respectively.
Apart from the mixing of wave functions, the mass mixing equation for two 1 + states is given as [14]
In the equation, the masses of two physical states are needed, while we notice that the partners of D sJ (3040) + and D J (3000) 0 have not been discovered experimentally yet. Thus we adopt our theoretical mass predictions of the two partners. Table I shows the masses in our model and in other models as well. 
For the final mesons, the quantum numbers include 0
We take the 1 − state as an example. Other states can be found in our previous works [39, 40] . The
Bethe-Salpeter wave function of the 1 − state is
For the final state, the wave function should take the Dirac conjugate form, which is
In the calculation, the completeness relations fulfilled by the polarization vector (tensor) are applied, which read as
where the polarization vector satisfies ǫ · P = 0, and the polarization tensor satisfies ǫ µν P µ = 0, ǫ µν g µν = 0.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we give our results and compare ours with those from other models. The first thing we notice in Tables. II and III is less than that of 2P(1 + ) in their results, which is different to our knowledge. In addition, in Ref. [46] , the partial and total decay widths as functions of the mass and the mixing angle were given. With a mixing angle of −54.7
• derived in the heavy quark limit, the total width was around 360 MeV for the 2P(1 + ′ ) state, which is about two times larger than the experimental data. In Ref. [47] , the authors used the effective Lagrangian method to give an analysis for some dominant strong decays; they also favor D J (3000) as the 2P(1 + ′ ) state. Tables. VIII and IX. In our results, the first thing we notice is that the total widths are 157.4 MeV and 63.5 
